Abstract: A temperature-insensitive fiber-optic refractive-index sensor based on optically heated long-period grating (LPG) is presented. The LPG is manufactured in a short section of cobalt-doped optical fiber (COF), which can be thermally stabilized through a pump light. Two fiber Bragg gratings (FBGs) are manufactured in COF and single-mode fiber (SMF), respectively, to monitor the local sensor and surrounding medium temperature. Experimental results demonstrate that this fiber-grating-based miniature refractive-index sensor can efficiently eliminate temperature cross-sensitivity in the temperature range of 5 $ 60 C.
Introduction
Refractive-index sensing is of much importance in biological and chemical applications, such as chemical composition analysis, real-time monitoring of chemical processes, medical diagnostics, and environment monitoring. Through measuring the refractive index, many physical and biological parameters of measured chemicals can be deduced. In recent years, optical fiber refractive-index sensing has attracted considerable attention, and various kinds of optical fiber refractive-index sensors have been developed based on different working principles, such as the long-period grating (LPG) [1] , fiber-taper seeded LPG pair [2] , micromachined Fabry-Perot interferometer [3] , microstructured fiber Bragg grating (FBG) [4] , [5] , tapered fiber-based Michelson interferometer [6] , slot-waveguide-based ring resonator [7] , and fiber core diameter mismatch [8] . Among these sensors, LPG-based refractive-index sensors are competitive and promising because of their compact size, high sensitivity, and capability of multiplexing. However, a fundamental issue of LPG sensors is the cross-sensitivity between surrounding refractive index and temperature. In order to overcome this issue, various schemes have been proposed, e.g., a hybrid structure of LPG and FBG [9] , [10] , a sandwiched LPG sensor [11] , and a two-section LPG structure consisting of an Ag-coated LPG and a bare LPG [12] for simultaneous measurement of refractive index and temperature. However, all those methods can only compensate the temperature-caused resonant wavelength shift of LPG sensors and cannot thermally stabilize the sensor actively, which is very useful for many temperature-sensitive biosensing applications.
In this paper, we propose an all-optical-fiber temperature-insensitive refractive-index sensor based on the LPG written in a cobalt-doped optical fiber (COF), as shown in Fig. 1 . A section of COF is fusion spliced between two standard single-mode fibers (SMFs). An LPG is manufactured in the COF and acts as a refractive-index sensor, whereas two FBGs are made in the COF and photosensitive SMF regions, respectively, and act as two in-line temperature sensors. Then, the temperature variation of surrounding measurand can be monitored by an FBG sensor (denoted as FBG 2 ). Once the surrounding medium temperature decreases, the pump light will be launched into the sensor, and then, COF can nonradiatively absorb the pump light to generate heat [15] - [17] . In order to precisely determine the temperature inside the LPG sensor, another FBG sensor, denoted as FBG 1 , is manufactured in the COF region. Therefore, one can use the signals from the two FBG sensors to precisely control the intensity of pump light to achieve a grating-based thermostatic fiberoptic refractive-index sensor. In addition to sensing applications, such a fiber-optic device can be utilized as an optically tunable fiber filter. Compared with the LPG filters based on electrical tuning scheme [14] , this loss filter can be remotely tuned by using all-optical approach.
Operation Principle and Sensor Fabrication
An LPG couples the fundamental mode to forward-propagating cladding modes at specific resonant wavelengths. When the LPG is immersed in solutions, the resonant wavelength of the coupling can respond to the change of the refractive index (RI) of solutions through evanescent waves [1] , [18] .
This active LPG sensor operates at temperature higher than that of surrounding medium. In order to achieve a thermal stabilization, pump light heats the sensor to compensate the heat loss due to the temperature difference between the sensor and the surrounding medium. The heat flow H a generated by nonradiative light absorption and the heat flow H l transfered from the fiber sensor to surrounding measurand can be expressed as
where is the attenuation coefficient of COF, is the energy conversion coefficient of COF, I is the intensity of pump light, L is the length of the COF section, " is the coefficient of heat conductivity of the measurand, T t is the target operation temperature, T s is the temperature of the surrounding medium, r f is the radius of the fiber, and r 0 is a calibration constant. In order to achieve a thermal stabilization, the power of the pump needs to be precisely controlled to realize the thermal equilibrium, i.e., H a ¼ H l . The sensor has been implemented by using commercialized COF (ATN, CorActive High-Tech, Inc.) and homemade gratings. The attenuation coefficient of the COF is 2 dB/cm in the operation wavelength range from 1250 to 1620 nm. In order to make gratings, the fiber was hydrogen-loaded for 4 days at 100 C in 100-bar pressure. The LPG with a period of 400 m and length of $30 mm was inscribed by a 193-nm ArF excimer laser (Coherent, Bragg Star S-Industrial) by using point-bypoint fabrication technique. The FBG 1 and FBG 2 with length of $10 mm were written in the COF and photosensitive fiber (PS1250/1500, FiberCore, Inc.), respectively, by using the phase mask method. A fiber Raman laser (FRL, IPF Technology) at 1360 nm was used as pump light source to heat the sensor.
The transmission spectrum of the manufactured grating sensor (in air) without laser heating is shown in Fig. 2 . The wavelength responses of the LPG and FBGs to the temperature were measured. The measured sensitivity of the LPG is 66.1 pm= C, and the measured sensitivities of FBG 1 (in COF) and FBG 2 (in photosensitive SMF) are 9.97 pm= C and 8.56 pm= C, respectively.
Experimental Results and Discussion
In order to evaluate the effects of the liquid solution on the temperature sensitivity of the sensor, as shown in Fig. 1 , the grating sensor was immersed in the sucrose solution and tested by using a temperature controllable incubator (TCI), whose internal temperature can be tuned from 5 C to 60 C. Thus, the temperature of the surrounding solution can be tuned by setting the internal temperature of TCI. The concentration of sucrose solution is 25.997 wt.%, and its refractive index is 1.3999 at 20
C. Fig. 3 shows the measured resonant wavelength responses of the LPG to the temperature changes of the solution (without laser heating). And the inset shows its transmission spectra at different temperatures. The sensitivity measured in the range of 5 C to 60 C changed to 81.2 pm= C. The increase of temperature sensitivity is mainly induced by the decrease of the refractive index of the sucrose solution when the temperature rises [19] . The measured temperature sensitivities of FBG 1 and FBG 2 are the same with those tested in air because the FBG is inherently insensitive to the refractive index of surrounding solution [20] .
In order to eliminate the thermal effects and realize a thermostatic sensor, we use the 1360-nm pump laser to optically heat the sensor. Through adjusting the power of pump laser at different temperatures, the resonant wavelength of the LPG can remain unchanged. In the experiment, we tried to keep the resonant wavelength of the LPG at 60 C. As shown in Fig. 4(a) , the LPG's resonant wavelength can be effectively stabilized and fluctuates within 0.01 nm when the surrounding temperature decreases from 60 C to 5 C. Meanwhile, the power of pump laser almost linearly increases from 0 mW to 397 mW.
At the same time, the wavelengths of the FBG 1 and FBG 2 are recorded and will be used as reference signals when the LPG is used for refractive-index measurement. Fig. 4(b) shows the measured wavelength responses of that of the FBG 1 to the temperature. When comparing the laser heated FBG 1 's wavelength response with the original FBG 1 (without laser heating), one can see that the resonant wavelength of FBG 1 is longer than the original FBG 1 response when the temperature decreases from 60 C. This means that the pump laser is heating the fiber, and then wavelength difference represents the laser heating degree.
On the other hand, one can use the wavelength of FBG 1 as an indicator to precisely tune the pump laser. When the surrounding medium reaches a specific temperature, one need only to adjust the power of pump laser to make the wavelength of FBG 1 stay at the wavelength corresponding to the specific temperature given in Fig. 4(b) . In order to monitor the temperature of the surrounding medium, we use another FBG sensor, denoted as FBG 2 . The use of FBGs allows achieving an alloptical fiber sensor operation. The refractive-index measurement results are shown in Fig. 5 . Different mass concentration sucrose solutions corresponding to different refractive indexes were used as measurand. The dependence of the RI of measurands on the operation wavelength (i.e., from 1540 nm to 1570 nm) has been ignored as this RI change is quite small and can be included in a calibration procedure. Between consecutive measurements, the sensor was carefully washed with acetone and deionized water and then dried in the air to remove the residual chemical from the sensor. One can see that the responses of the original LPG sensor (without laser heating) to external refractive index significantly depend on the temperature. Using the laser heating technique, however, one can eliminate the thermal effects to make the refractive-index measurement curve at 20 C overlap with that measured at the temperature of 60 C. That means the refractive-index sensing characteristic of the LPG sensor at 20 C with laser heating is nearly same as that at 60 C without laser heating. The inset is the calculated refractive-index sensitivities of the laser heated LPG sensor at 20 C. Although the sensor was demonstrated to measure the RI at 60 C, the sensor can operate at lower temperature for different sensing applications. In order to eliminate the effect of temperature variation, however, the sensor has to operate at the maximum of the operation temperature range.
Conclusion
In conclusion, we have proposed and demonstrated a temperature-insensitive all-optical fiber refractive-index sensor based on a laser-heated LPG. Experimental results show that this LPG sensor has a resonant wavelength stability of 0.01 nm in the temperature range of 5 $ 60 C and thus can be used as a wide-range temperature-insensitive refractive-index sensor. Such a fiberoptic device can also be utilized as an optically tunable fiber filter. C.
